We systematically evaluated CNS manifestations in patients with inherited telomere biology disorders (TBDs) to better understand the clinical and biological consequences of germline aberrations in telomere biology.
Telomere biology disorders (TBDs) comprise a spectrum of illnesses caused by pathogenic germline variants in telomere biology genes resulting in very short telomeres. [1] [2] [3] Dyskeratosis congenita (DC) is the prototypic TBD characterized by the mucocutaneous triad of reticulate skin pigmentation, nail dystrophy, and oral leukoplakia. Patients with DC have high rates of bone marrow failure (BMF), cancer, pulmonary disease, liver fibrosis, and other medical problems. [1] [2] [3] [4] Subsets of DC include Hoyeraal-Hreidarsson (HH) syndrome with associated cerebellar hypoplasia, microcephaly, neurodevelopmental disorder, intrauterine growth restriction (IUGR), and immune deficiency and Revez syndrome (RS), which involves bilateral exudative retinopathy, intracranial calcifications, neurodevelopmental disorder, and IUGR. While DC usually manifests in childhood, adult-onset TBDs occur often with isolated aplastic anemia or pulmonary fibrosis.
Very short lymphocyte telomeres for age measured by flow fluorescence in situ hybridization (flow FISH) are diagnostic of DC/TBDs. 5 Pathogenic germline variants in at least 14 telomere biology genes have been implicated in TBD pathogenesis: autosomal dominant (AD) (TERT, TERC, RTEL1, PARN, TINF2, ACD, and NAF1), autosomal recessive (AR) (TERT, RTEL1, PARN, ACD, CTC1, WRAP53, NOP10, NHP2, POT1, and STN), and X-linked recessive (XLR) (DKC1) inheritance. [1] [2] [3] About 70% of patients with classic DC have a known genetic cause. [1] [2] [3] Previous studies suggest that 10%-50% of patients with DC have CNS involvement. [6] [7] [8] In this study, we systematically evaluated patients with TBDs who underwent brain MRIs and neurologic and psychiatric evaluations to better understand the CNS manifestations of aberrant telomere biology.
Methods
Standard protocol approvals, registrations, and patient consents Individuals in this study were participants in the National Cancer Institute's Institutional Review Board-approved longitudinal cohort study "Etiologic Investigation of Cancer Susceptibility in Inherited Bone Marrow Failure Syndromes" (NCT-00027274, marrowfailure.cancer.gov, 9, 10 ) . All patients or their legal guardians provided written informed consent.
Study participants and clinical evaluations
We evaluated 44 patients, from 36 families, with DC, HH, or RS including 26 children and 18 adults. Adults were defined as individuals who were aged 18 years or older on the date of their MRI. Regardless of their symptoms, all patients in this report underwent complete physical examination, and neurologic and psychiatric assessments conducted and/or reviewed by the authors at the NIH Clinical Center between 2001 and 2015. They also underwent a brain MRI, which was performed and/or interpreted at the NIH Clinical Center.
Brain MRIs from both NIH (n = 31) and other institutions (n = 13) were reviewed by the neuroradiologist (E.H.B.). Structural abnormalities and minor variations were recorded. Findings we considered to be abnormalities included cerebellar hypoplasia, delayed myelination, white matter lesions, moderate or marked prominence of the cisterna magna, atrophy, and hypoplasia of the corpus callosum. Findings we considered to be minor variations included mild prominence of the cisterna magna, cavum septum pellucidum and/or cavum vergae, intraparenchymal cysts, and localized prominence of portions of the lateral ventricles (minor colpocephaly). In differentiating cerebellar atrophy from cerebellar hypoplasia, we considered it to be atrophy if the sulci were more prominent than normal, whereas the absence or disproportionately small size of part or all of the cerebellum without prominent sulci was considered to be hypoplasia; in some cases, both findings were present. Delayed myelination could only be evaluated in the youngest children in the study group.
Neurologic findings were divided into 2 categories: neurodevelopmental disorder that included speech and language delay, learning difficulties, and severe neurodevelopmental disorder, or neuromotor findings including difficulties with speech articulation, ataxia, incoordination, and/or an abnormal gait. Microcephaly was defined as head circumference less than the 5th percentile for age per Centers for Disease Control guidelines 11 and analyzed as an independent category. The presence of a Diagnostic and Statistical Manual of Mental Disorders (DSM)-IV 12 (evaluations before 2013) or DSM-5 13 (evaluations after 2013) psychiatric diagnosis was also assessed as its own category. Ten of the patients included in this study were also included in our previous study. 8 Flow FISH lymphocyte telomere length was measured in 41 patients as part of the diagnostic workup for DC; 3 patients did not have telomere length test results available. Lymphocyte telomere length was adjusted for age by calculating Z-scores. 14 The degree of BMF was classified as severe, moderate, or none Glossary AD = autosomal dominant; AR = autosomal recessive; BMF = bone marrow failure; CI = confidence interval; DC = dyskeratosis congenita; DSM = Diagnostic and Statistical Manual of Mental Disorders; FISH = fluorescence in situ hybridization; IUGR = intrauterine growth restriction; OR = odds ratio; RS = Revez syndrome; TBD = telomere biology disorder; XLR = X-linked recessive.
by standard definitions. 5 Three patients underwent hematopoietic cell transplantation before their MRI and clinical evaluation at the NIH Clinical Center. Clinical genetic testing identified the causative gene in 38 of the 44 patients (table 1) . Patients with HH and RS, indicated as HH/RS, were combined for analyses. We grouped patients by gene and inheritance patterns (XLR/AR, AD, and TINF2) as previously described. 15 
Statistical methods
The correlations between clinical findings were tested with the Pearson correlation coefficient. Fisher exact tests were used to compare the relative prevalence of features across inheritance pattern groups, as well as between our cohort and previously reported incidental findings in a healthy pediatric population. 16 Binomial logistic regression models were used to compare other clinical features with number of MRI structural, neurologic, and psychiatric abnormalities. Linear regression models were used to determine effect size between telomere length Z-scores and the number of MRI/neurologic abnormalities. We controlled for sex, age, and/or inheritance pattern in these analyses, based on the finding(s) being evaluated. Inheritance patterns considered were XLR, AD, and AR. Statistical analysis was performed with R Version 3.4.0 and the Excel Analysis ToolPak (Microsoft Office 2017).
Results

Patient demographics
The characteristics of the study participants are shown in table 1. Thirty-one individuals had clinical DC, 12 had HH, and 1 had RS. There were 6 sibling pairs. Two of these siblings also had an affected parent. Patient age at the time of brain MRI ranged from 1 to 60 years (median 15 years) and was skewed toward younger ages (p = 0.004) with 59% pediatric patients. Abbreviations: AR = autosomal recessive due to pathogenic variants in RTEL1, PARN, ACD, TERT, or WRAP53. AD = autosomal dominant due to pathogenic variants in TERT, TERC, or RTEL1; HH = Hoyeraal-Hreidarsson; XLR = X-linked recessive inheritance due to pathogenic variants in DKC1. Parenthesis indicates percent of total with specified inheritance pattern (%). TINF2 is AD; 6 cases of de novo TINF2 mutations were included, and 3 cases were inherited.
The TBD-associated pathogenic germline variant was known in 38 of 44 patients and included TINF2, DKC1, TERT, TERC, RTEL1, PARN, ACD, and WRAP53.
Structural brain abnormalities and variants
One or more brain MRI abnormalities were present in 25 of the 44 patients (57%) (table 2, figure 1 ). The maximum number of abnormal findings on brain MRI was 4, seen in 3 patients with DC. All 3 of these patients possessed a recessive genotype and presented with severe BMF. Seventeen patients had cerebellar hypoplasia, 8 had cerebral atrophy, 8 had periventricular cysts, and 7 had a corpus callosum abnormality. In 10 patients with cerebellar hypoplasia, cerebellar atrophy was also noted. Five of the 17 patients with cerebellar hypoplasia had a small pons. Delayed myelination could not be assessed in all the patients because of the cross-sectional nature of the study; however, 6 patients between the ages 1.2-6.5 years (median 3.6 years) had findings consistent with delayed myelination.
Brain MRI findings were correlated with the number of other TBD-related features. Patients with a higher number of MRI findings were more likely to have shorter telomeres than those with a lower number or no findings (p = 0.02) (figure 2). The XLR/AR inheritance patterns had higher frequencies of cerebellar hypoplasia than all other inheritance patterns combined (odds ratio [OR] = 6.6, 95% confidence interval [CI] 1.71-30.96, p = 0.009), after controlling for sex and age group (pediatric vs adult). Those with severe BMF had higher frequencies of cerebellar hypoplasia (OR = 13.35, 95% CI 2.46-111.68, p = 0.006) than patients with nonsevere or no BMF, controlling for sex and inheritance pattern. Patients with severe BMF also had higher frequencies of MRI findings (OR = 8.4, 95% CI 3.12-27.80, p = 0.001) than those with nonsevere BMF.
Several brain MRI findings in our patients occurred at much higher frequencies than found incidentally in a general pediatric population. 16 The statistically significant (p < 0.001) findings included higher frequencies of corpus callosum abnormalities, prominent cisterna magna, white matter lesions, and cavum septum pellucidum, and/or cavum vergae variants (table 3) . Twenty patients in our study had minor colpocephaly.
Microcephaly
Microcephaly (head circumference < 5th percentile) was present in 17 of 44 patients (table 2, figure 3 ). The median head circumference for all patients, adjusted for age and sex, was at the 29th percentile. Our data showed a bimodal distribution of head circumference, suggesting that head circumference was either severely affected or unaffected. Fourteen of the 17 patients with microcephaly had head circumferences at or below the 1st percentile. Patients with microcephaly had significantly shorter telomeres than those without microcephaly (p = 0.002). Pediatric patients had a higher frequency of microcephaly than adult patients (OR = 4.50, 95% CI 1.15-21.1, p = 0.04) after controlling for sex and inheritance pattern. Patients with HH/RS had a higher frequency of microcephaly than patients with clinical DC (OR = 9.24, 95% CI 1.98-55.02, p = 0.01), after controlling for age, sex, and inheritance pattern.
Neurologic findings
Neurologic abnormalities were present in 21/44 patients (table 2) . Nineteen had neurodevelopmental disorder. There were 16 patients with impaired neuromotor functioning, such as abnormal gait (15/44), dysarthria (14/44), incoordination (13/44), and ataxia (12/44). Pediatric patients were more likely to have neuromotor impairments than adult patients (OR = 10.2, 95% CI 2.20-68.1, p = 0.007). Patients with HH/ RS were more likely to have neurodevelopmental disorder (OR = 20.5, 95% CI 2.1-621.2, p = 0.025) and neuromotor impairment (OR = 32.2, 95% CI 5.8-283.7, p = 0.0003) than patients with DC. Although all patients with DC had short telomeres, those with neurodevelopmental disorder, neuromotor impairment, and higher numbers of neurologic findings overall had much shorter telomeres than patients without these features (p = 0.005, p = 0.004, and p ≤ 0.001, respectively) ( figure 1B) . Patients with AR/XLR pathogenic variants were more likely to have neurologic findings than those with AD disease (p = 0.03). Those with severe BMF had a significantly higher frequency of neurodevelopmental disorder than patients with nonsevere or no BMF (OR = 10.6, 95% CI 1.81-97.03, p = 0.02) and tended to have a higher frequency of neuromotor impairment (OR = 5.5, 95% CI 1.19-32.73, p = 0.04).
Psychiatric findings
A clinically significant psychiatric diagnosis was identified in 12 of 44 patients. The majority of the psychiatric diagnoses were mood disorders in adults with depression (n = 6) and/or anxiety/panic attacks (n = 3), autism spectrum disorder (n = 2), and bipolar disorder (n = 1). The frequency of psychiatric findings was similar between the inheritance patterns (table 2) .
Overall
Microcephaly was associated with an increased number of structural MRI findings (r = 0.42, p = 0.004). Microcephaly and cerebellar hypoplasia strongly correlated with neurodevelopmental disorder (r = 0.62, p < 0.0001) and neuromotor deficits (r = 0.7, p < 0.001) such as ataxia, incoordination, and dysarthria. Five of 17 patients with cerebellar hypoplasia did not present with neuromotor cerebellar findings. Of these 5, 3 did not present with neurodevelopmental disorder either and were considered neurologically asymptomatic. Abnormal CNS findings were primarily seen in the pediatric patients with severe BMF who had the shortest telomeres and were also associated with XLR/AR inheritance or TINF2 variants. Four of the 6 sibling pairs with XLR/AR disease (DKC1 and RTEL1) had overlapping CNS features including abnormal MRIs and neurodevelopmental disorder. No CNS abnormalities were present Abbreviation: AD = autosomal dominant; ADHD = attention deficit hyperactivity disorder; AR = autosomal recessive; OCD = obsessive compulsive disorder; TBD, telomere biology disorder; XLR = X-linked recessive. Values in parentheses represent percentages and may not equal 100% due to rounding. a One patient with inferior cerebellar vermis hypoplasia also had an abnormal (not delayed) myelination pattern and discrete areas of white matter encephalomalacia (unknown etiology). b One patient with a small splenium of the corpus callosum also had a potential hamartoma or low-grade glioma in the thalamus and clustered cysts adjacent to the ventricular trigones. c One patient had Type I Chiari malformation.
in 1 sibling each in sibling pairs with disease due to TINF2 and 1 with DKC1.
Discussion
In addition to the classic mucocutaneous triad and high rates of BMF, patients with DC and related TBDs may have complex structural brain abnormalities, neurodevelopmental disorder, neuromotor impairment, and/or psychiatric diagnoses that can complicate their diagnosis and management. In a 2011 review of 118 patients with DC, features reported were developmental delay in 25%, ataxia/cerebellar hypoplasia in 7%, and microcephaly in 6%. 6 We previously reported on 10 patients with DC and found that 70% had a primary psychiatric disorder and 30% had developmental delay. 8 In our current study, we report structural brain abnormalities in addition to neurologic and psychiatric manifestations at higher frequencies than previously reported and that these phenotypes are associated with inheritance patterns, telomere length, and degree of BMF.
All patients with TBDs have very short telomeres for their age compared with unaffected individuals. 5, 14 We found the shortest telomeres in patients with more structural brain findings and neurologic abnormalities than in patients with TBD with a normal brain MRI. Children with DC, HH, or RS and disease due to XLR or AR inheritance or de novo TINF2 mutations were more likely to have CNS manifestations, including structural brain abnormalities (primarily cerebellar hypoplasia) and the associated microcephaly, neurodevelopmental disorder, and neuromotor findings, such as ataxia. These findings are consistent with previous studies suggesting more clinical complications in patients with TBDs due to recessive or TINF2 disease and that these genetic etiologies result in exceedingly short telomeres. 14, 15 Notably, there were fewer abnormal brain MRI findings in adult patients with TBDs, possibly due to the fact that patients with AD TBDs often present as adults with isolated disease, such as pulmonary fibrosis or aplastic anemia. 17 It is notable that psychiatric disorders, including depression and anxiety, were present in 8 of the 18 (44%) adults, a rate higher than reported in the general population. 18 In comparison with the reported incidental findings on MRI in a general pediatric population, patients with DC, HH, or RS had higher frequencies of corpus callosum abnormalities, prominent cisterna magna, white matter lesions, and cavum septum pellucidum and/or cavum vergae. 16 Certain findings reported in the general population were not present in our cohort, likely because of its small sample size. For example, we had no patients with heterotopia, cortical dysplasia, agenesis of the septum pellucidum, or porencephalic cyst.
The role of telomere biology in brain development has been evaluated in a conditional knockout of the shelterin protein TRF2 mouse model. 19 By knocking out TRF at different stages of neuronal differentiation, the authors showed that intact telomeres are essential for embryonic and adult neurogenesis. Specifically, TRF2 knockout resulted in uncapping of telomeres and a small dentate gyrus due to loss of granule cells in the hippocampus. However, conditional knockout of TRF2 in postmitotic neurons did not have an appreciable effect on cell function or animal behavior. Of interest, there are 5 reported cases of patients with HH and hypoplasia of the granular layer. [20] [21] [22] [23] Our data support the hypothesis that aberrant telomere biology affects brain development, possibly through a combination of differences in neuronal connectivity and related structural differences. We also hypothesize that the cerebellum may be particularly vulnerable to aberrant telomere biology because it divides very early in development and for a longer time relative to other areas of the brain. 24 Because more cell divisions are required for cerebellar development and telomeres shorten with each cell division, it is possible that the cerebellar precursor cells in the fetus do not have the replicative capacity to proliferate normally due to exceedingly short telomeres in fetuses with DC, HH, and RS, thus explaining the relatively more common and more severe abnormalities in the cerebellum vs the less common, more minor anomalies in the cerebrum.
The current study is the first to systematically review brain MRIs in a series of patients with DC, HH, and RS. All brain MRIs were reviewed by the same neuroradiologist and the same subspecialty clinical teams evaluated the patients. An additional strength of our study is that MRIs were conducted independent of clinical indication, allowing for better estimates of the true prevalence of these findings in these disorders than has been previously reported. However, our study may not reflect the full spectrum of TBD-related neurologic complications because pediatric patients with especially severe manifestations are likely overrepresented in our study. A limitation of our study is that the brain MRIs varied in both quality and technique, as MRI technology advanced during the course of the study and images were acquired from several institutions. This lack of consistency may have led to the possibility of false negatives in some of the MRI reports, creating detection bias within our results. The data used in this study were cross-sectional; future studies involving prospective and longitudinal data are needed to further elucidate genotype-phenotype relationships in TBDs. Longitudinal MRI data are especially important when assessing delayed myelination 25 ; cross-sectional studies of brain MRIs from older children and adults do not provide information about delayed myelination occurring during early development. Thus, the cross-sectional nature of our data did not allow us to estimate the prevalence of abnormal myelination in relation to developmental abnormalities in patients with TBDs. However, the high frequency of minor colpocephaly, which is associated with white matter abnormalities in the posterior cerebrum, suggests that white matter development may be affected 26 in patients with TBDs and needs to be further studied. Abbreviation: NCI = National Cancer Institute; TBD = telomere biology disorder.
Comparison with the frequencies reported in a pediatric population is reported on the total TBD cohort, and p values are computed with the Fisher exact test. a It was not possible to distinguish hamartoma from glioma in the thalamus based on MRI in this case. There was also one 19-month-old patient in the study with microcephaly who is not shown because of lack of exact measurements.
